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Abstract: Ribotoxins are a family of fungal ribosome-inactivating proteins displaying highly specific 
ribonucleolytic activity against the sarcin/ricin loop (SRL) of the larger rRNA, with α-sarcin as its best-
characterized member. Their toxicity arises from the combination of this activity and their ability to 
cross cell membranes. The involvement of α-sarcin's loops 2 and 3 in SRL and ribosomal proteins 
recognition, as well as in the ribotoxin-lipid interactions involving cell penetration, has been suggested 
some time ago. Different mutants have been prepared in order to study the role of these loops in their 
ribonucleolytic and lipid-interacting properties. The results obtained confirm that loop 3 residues Lys 
111, 112, and 114 are key actors of the specific recognition of the SRL. In addition, it is also shown that 
Lys 114 and Tyr 48 residues conform a network of interactions which is essential for the catalysis. 
Lipid-interaction studies show that this Lys-rich region is indeed involved in the phospholipids 
recognition needed to cross cell membranes. Finally, loop 2 is shown to be responsible for the 
conformational change which exposes the region establishing the hydrophobic interactions with the 
membrane inner leaflets and eases penetration of ribotoxins target cells. 
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Highlights 
 The role of loops 2 and 3 in the toxic activity of ribotoxins has been only 
poorly studied. 
 Results presented now confirm the key role of loop 3 Lys-111, 112, and 114 
for the SRL specific recognition. 
 They also show the existence of a network of interactions involving Lys-114 
and Tyr-48 which is essential for catalysis. 
 Charge reversal reveals that loop 3 Lys-rich region is involved in 
electrostatic interactions needed by ribotoxins to cross cell membranes. 
 Loop 2 loop is responsible for the conformational change needed to 
establish hydrophobic interactions with the membrane inner leaflets. 
 
Highlights (for review)
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Introduction 44 
Ribotoxins are a family of fungal ribosome-inactivating proteins 45 
displaying insecticidal activity (Herrero-Galán et al. 2013; Herrero-Galán et al. 46 
2008; Olombrada et al. 2013; Olombrada et al. 2014a),with α-sarcin as its best-47 
characterized member (Lacadena et al. 2007). They show a highly specific 48 
ribonucleolytic activity against a single phosphodiester bond of the larger rRNA, 49 
located at a universally conserved sequence motif known as the sarcin/ricin 50 
loop (SRL) (Chan et al. 1983; Endo et al. 1983).Their toxicity arises not only 51 
from this exquisite RNase specificity but also from their ability to cross cell 52 
membranes. Once inside the cell, they inactivate any known ribosome given the 53 
universal conservation of the SRL (Lacadena et al. 2007). 54 
Most known ribotoxins show a high degree of sequence identity, above 55 
85%. The only exception is hirsutellin A (HtA), which is produced and secreted 56 
by the invertebrate fungal pathogen Hirsutella thompsonii (Mazet and Vey 57 
1995). This protein stands out because of its significantly smaller size and much 58 
lower sequence identity (only 25%; Fig. 1). However, HtA still maintains the 59 
characteristic elements of regular secondary structure as well as the nature and 60 
geometrical arrangement of most of the residues making the active site 61 
(Herrero-Galán et al. 2008; Viegas et al. 2009). On the other hand, HtA displays 62 
important differences regarding its non-structured loops. These differences are 63 
especially remarkable for the NH2-terminal β-hairpin and loops 2 and 3 (Fig. 1). 64 
Even though, HtA maintains all functional properties of ribotoxins except for a 65 
slightly different behavior in assays with phospholipid model vesicles (Herrero-66 
Galán et al. 2008; Yang et al. 2001). 67 
The importance of the long loop 2 (Fig. 1; green loop) in ribotoxins 68 
functionality was suggested long time ago. It was proposed to be involved in the 69 
recognition of the SRL (Yang et al. 2001) and several ribosomal proteins 70 
(García-Mayoral et al. 2005), as well as in the ribotoxin-lipid interactions 71 
involving cell penetration (Kao and Davies 1999; Martínez-del-Pozo et al. 1988; 72 
Pérez-Cañadillas et al. 2000; Yang and Moffat 1996). In α-sarcin, the 73 
conformation of this region is stabilized in part by a conserved specific hydrogen 74 
bond between Asn54 and Ile69 (Hebert et al. 1998; Pérez-Cañadillas et al. 75 
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2002; Siemer et al. 2004), something that is not necessary in HtA because loop 76 
2 is much shorter (Fig. 1). It was proposed that α-sarcin interacts with 77 
eukaryotic ribosomal protein L9 through the highly basic part of this loop 2, 78 
containing Lys residues 61, 64,70, 73, 81, 84, and 89 (García-Mayoral et al. 79 
2005), a sequence stretch suggested to be also involved in membrane 80 
interactions. Interestingly, the HtA shorter loop 2 lacks this important lysine-rich 81 
surface. Finally, from structural and functional points of view, the long loop 2 of 82 
α-sarcin can be divided into two different segments due to the presence of a 83 
disulfide bridge established between Cys 76 and 132. This second segment 84 
stretch of loop 2 (residues 77 to 93) not only contains three of the mentioned 85 
Lys residues but also His 82 (Fig. 1), a residue that establishes a well defined 86 
cation-π interaction with Trp 51 (De Antonio et al. 2000; Pérez-Cañadillas et al. 87 
1998; Pérez-Cañadillas et al. 2000). This observation is interesting considering 88 
that the protein region containing Trp51 seems to be involved in α-sarcin 89 
membrane interactions (De Antonio et al. 2000). 90 
From the point of view of the recognition of their RNA substrate, the most 91 
significant features of the SRL structure are a GAGA tetraloop, containing the 92 
phosphodiester bond to be cleaved, and a bulged G motif (Correll et al. 1998; 93 
Correll et al. 1999). Loop 3 of α-sarcin contains three Lys residues (Lys111, 94 
Lys112 and Lys114) (Fig. 1; light blue loop) which seem to be of special 95 
importance as they appear to contact this identity bulged-G element of the 96 
ribosomal SRL region (Kao and Davies 1999; Kao and Davies 2000; Korennykh 97 
et al. 2007; Korennykh et al. 2006; Pérez-Cañadillas et al. 2000; Plantinga et al. 98 
2008; Plantinga et al. 2011; Yang et al. 2001; Yang and Moffat 1996). 99 
Furthermore, the electrostatic interactions involving these three Lys residues of 100 
loop 3 seem to be a major contributing factor for positioning the SRL-like oligo 101 
substrate for site-specific cleavage (Plantinga et al. 2008; Plantinga et al. 2011). 102 
Interestingly, only two of these Lys residues appear to be conserved in HtA (Lys 103 
83 and 88) (Fig. 1). 104 
In the work herein presented, different mutant versions of α-sarcin have 105 
been produced, isolated and characterized. First, a chimeric version of α-sarcin 106 
(ΔSarHtA) has been constructed by replacing the α-sarcin stretch comprising 107 
residues 79 to 93 (second segment of loop 2) (Figure 1; gray loop) by the 108 
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equivalent and much shorter HtA segment: Ala60-Asp61-Ala62-Ile63 (Fig. 1B, 109 
underlined sequences). Second, another mutant has been made in this loop 2 110 
by replacing His82 by a Gln residue (H82Q). Finally, the three singular Lys 111 
residues of loop 3 have been also individually mutated to Glu (K111E, K112E, 112 
and K114E); involving a charge reversion. The results obtained are discussed in 113 
terms of the individual roles of these regions in α-sarcin interactions with 114 
ribosomes and biological membranes. 115 
Materials and methods 116 
Mutant cDNA construction 117 
All materials and reagents were of molecular biology grade. Cloning 118 
procedures, PCR-based oligonucleotide site-directed mutagenesis, and 119 
bacterial manipulations were carried out as previously described (Álvarez-120 
García et al. 2006; Lacadena et al. 1994; Martínez-Ruiz et al. 2001). 121 
Mutagenesis constructions were performed using different sets of 122 
complementary mutagenic primers (Table S1). Mutations were confirmed by 123 
DNA sequencing at the corresponding Complutense University facility. The 124 
plasmid used as template for mutagenesis, containing the cDNA sequence of 125 
wild-type α-sarcin, has already been described (Lacadena et al. 1994; 126 
Lacadena et al. 1999). 127 
Protein production and purification 128 
E. coli BL21 (DE3) cells, previously cotransformed with a thioredoxin-129 
producing plasmid (pT-Trx) and the corresponding α-sarcin wild-type or mutant 130 
plasmids were used to produce and purify all proteins, as previously described 131 
(García-Ortega et al. 2000; Lacadena et al. 1995; Lacadena et al. 1994; 132 
Lacadena et al. 1999; Siemer et al. 2004). Fungal natural wild-type α-sarcin was 133 
produced and isolated as reported before (Martínez-Ruiz et al. 2001). Yields 134 
were always in the order of milligram amounts per liter or original culture (Table 135 
S2). SDS-PAGE of proteins, Western blots, protein hydrolysis, and amino acid 136 
analysis were performed according to standard procedures, also as previously 137 
described (Lacadena et al. 1994; Martínez-Ruiz et al. 2001). 138 
Spectroscopic characterization 139 
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Spectroscopic characterization was performed following well-established 140 
procedures (Álvarez-García et al. 2009a; Álvarez-García et al. 2006; García-141 
Ortega et al. 2001; García-Ortega et al. 2005; García-Ortega et al. 2002; 142 
Lacadena et al. 1999; Martínez-Ruiz et al. 2001). Absorbance measurements 143 
were carried out on a Beckman DU640 spectrophotometer (Beckman Coulter, 144 
Brea, CA, USA) at 200 nm/min scanning speed and room temperature. Amino 145 
acid analyses and the corresponding UV-absorbance spectra were also used to 146 
calculate their extinction coefficients (Table S2). Circular dichroism spectra 147 
were obtained in a Jasco 715 spectropolarimeter (Jasco, Easton, MD, USA), 148 
equipped with a thermostated cell holder and a Neslab-111 circulating water 149 
bath, at 0.2 nm/s scanning speed. Thermal denaturation profiles were obtained 150 
by measuring the temperature dependence of the ellipticity at 220 nm in the 25–151 
80 °C range using a rate of temperature increment of 30ºC per hour. 152 
Fluorescence emission spectra were recorded on an SLM Aminco 8000 153 
spectrofluorimeter at 25°C using a slit width of 4 nm for both excitation and 154 
emission beams. The spectra were recorded for excitation at 275 and 295 nm 155 
and both were normalized by considering that Tyr emission above 380 nm is 156 
negligible. The Tyr contribution was calculated as the difference between the 157 
two normalized spectra. Thermostated cells with a path length of 0.2 and 1.0 cm 158 
for the excitation and emission beams, respectively, were used. All these 159 
experiments were performed in 50 mM sodium phosphate, pH 7.0, containing 160 
0.1 M NaCl. 161 
Ribonucleolytic activity assays 162 
The ribonucleolytic activity of α-sarcin on rabbit ribosomes was followed 163 
by detecting the release of the specific 400-nt α-fragment from the ribosomes of 164 
a cell-free rabbit reticulocyte lysate (Promega) as described (Kao et al. 2001). 165 
Visualization of this α-fragment was performed by ethidium bromide staining of 166 
2.4% agarose gels after electrophoretic fractionation of the samples using 167 
denaturing conditions. 168 
The specific cleavage by ribotoxins of a 35-mer synthetic oligonucleotide 169 
mimicking the sequence and structure of the SRL was also analyzed as 170 
described before (Kao et al. 2001). The sequence of this oligo was 5’-171 
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GGGAAUCCUGCUCAGUACGAGAGGAACCGCAGGUU-3’, where the 172 
cleavage site by α-sarcin appears underlined. Synthesis of this SRL-like RNA 173 
oligo was performed as previously described (García-Ortega et al. 2010; Kao et 174 
al. 2001). Reaction products were run on a denaturing 19 % (w/v) 175 
polyacrylamide gel and visualized by ethidium bromide staining. 176 
The absence of contaminating non-specific RNase-like activities in the protein 177 
preparations employed was ruled out in all protein batches employed by means 178 
of zymogram assays against poly(A) (Kao et al. 2001; Lacadena et al. 1995; 179 
Lacadena et al. 1994; Lacadena et al. 1999). These assays were also used to 180 
evaluate the non-specific residual ribonucleolytic activity of the proteins studied 181 
against non-structured substrates. 182 
Phospholipid vesicle assays 183 
DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol) was purchased 184 
from Avanti Polar Lipids Inc. (Alabaster, Alabama, U.S.A.). Vesicles were 185 
formed in 15 mM Tris-HCl, pH 7.0, containing 0.1M NaCl and 1 mM EDTA, as 186 
previously described (Mancheño et al. 1994; Martínez-Ruiz et al. 2001). 187 
Phospholipid concentration was also determined as described (Bartlett 1959). 188 
Analysis of protein binding to vesicles was performed by ultracentrifugation 189 
(Alegre-Cebollada et al. 2006; Martínez-Ruiz et al. 2001) using samples 190 
prepared at different lipid to protein molar ratios which were incubated at 37ºC 191 
for 1 h and then centrifuged at 164000 g for 1 h at 4ºC in a 42.2 Ti Beckman 192 
rotor. The amount of protein that did not sediment with the vesicles was 193 
determined from the absorbance spectra of the supernatant, and the 194 
concentration of ribotoxin bound to the liposomes was then calculated taking 195 
into account the initial concentration of protein (10 μM in all cases). Aggregation 196 
was monitored as described before (Gasset et al. 1989) by measuring the 197 
increase of the absorbance at360 nm of a suspension of vesicles (30 μM final 198 
lipid concentration) after addition of a small aliquot of a freshly prepared solution 199 
of protein. Leakage of vesicle aqueous contents was measured by using the 8-200 
aminonaphthalene-1,3,6-trisulfonic acid/N,N-p-xilene-bispyridiniumbromide 201 
(ANTS/DPX) assay as previously described (Mancheño et al. 1998). Other 202 
experimental details were as previously reported (Gasset et al. 1994; Gasset et 203 
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al. 1995; Gasset et al. 1991a; Gasset et al. 1991b; Gasset et al. 1990; 204 
Mancheño et al. 1995; Mancheño et al. 1994; Oñaderra et al. 1993). 205 
Insect cells culture and toxicity assays 206 
The insect cell line S. frugiperda (Sf9) was cultured as described (Olombrada et 207 
al. 2013; Tello et al. 2010) in Insect-XPRESSTM Protein-free Insect Cell medium 208 
(BioWhittaker) at 27 ºC as indicated by the manufacturer. Protein solutions were 209 
prepared in Insect X-press medium and sterilized by ultrafiltration. Protein 210 
biosynthesis inhibition assays were made seeding Sf9 cells into 24-well plates 211 
at a cell density of 105 cells/well and were maintained under standard culture 212 
conditions up to 80% confluency (2 days). Then, monolayer cultures were 213 
incubated in 0.5 mL of fresh medium with serial dilutions of ribotoxin from 5.0 214 
mM to 0.5 nM final concentrations. Following 18 h of incubation at 27 ºC the 215 
medium was replaced by culture medium supplemented with 0.5 µCi/well of 216 
[3H]-leucine. After 5 h of incubation the medium was removed and cell protein 217 
content was precipitated with 5% trichloroacetic acid (TCA) and washed three 218 
times with ethanol. The precipitate was dried, dissolved in 200 mL of 0.1 N 219 
NaOH, 0.1% SDS and radioactivity was measured in a Beckman LS 3801 liquid 220 
scintillation counter. Results are expressed as percentage of incorporated 221 
radioactivity relative to samples without protein added. 222 
Results 223 
Protein purification and spectroscopic characterization 224 
Wild-type α-sarcin and the five different mutants produced were purified 225 
to homogeneity according to their SDS–PAGE behavior (Fig. S1).Their amino 226 
acid composition was consistent with the mutation expected. All of them were 227 
also detected by a rabbit anti-α-sarcin serum in Western blot assays (Fig. S1). 228 
Far and near-UV CD spectra of α-sarcin K111E, K112E, and K114E 229 
were practically indistinguishable from those ones corresponding to the wild-230 
type protein (Fig. 2 and 3). Only the K114E mutant showed minor changes in 231 
the near-UV region. The far and near-UV circular dichroism spectra of ΔSarHtA 232 
were different from that corresponding to the wild-type protein (Figs. 2 and 4), 233 
but they still corresponded to a structured polypeptide. In fact, the near-UV 234 
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spectrum revealed the presence of tertiary structure in the mutant variant in 235 
spite of the spectral changes observed. The calculated difference spectra wild-236 
type minus mutant (Fig.2) clearly resemble those corresponding to Trp-51 237 
deduced for the W51F mutant variant of the protein (De Antonio et al. 2000). 238 
Finally, the α-sarcin H82Q mutant also showed significant variation in both UV 239 
wavelengths regions studied (Fig. 2 and 4). These last two spectra were almost 240 
coincident to those obtained before for the W51F mutant of the same protein 241 
(De Antonio et al. 2000), confirming the already proposed interaction between 242 
the side-chains of Trp51 and His82 (De Antonio et al. 2000; Pérez-Cañadillas et 243 
al. 1998; Pérez-Cañadillas et al. 2000). 244 
In accordance with the near-UV CD spectra, the three K111E, K112E, 245 
and K114E mutants also showed very similar fluorescence emission spectra 246 
when compared to the wild-type protein (Table S2, spectra not shown). 247 
Fluorescence emission spectra for both ΔSarHtA and H82Q mutants (Fig. 5) 248 
showed a remarkable enhancement of their Trp quantum yields (Table S2) and 249 
a slight red-shift of about 5 nm. In both cases, this observation is again in 250 
agreement with the loss of the His82-Trp51 interaction (De Antonio et al. 2000). 251 
Ribonucleolytic characterization 252 
Ribotoxins are highly specific RNases against ribosomes. They still retain 253 
this specificity when assayed against naked RNA containing the SRL sequence 254 
and structure. This is why its ribonucleolytic activity can be studied using a 255 
35mer SRL-like oligomer which lacks any other additional ribosomal structural 256 
feature. However, they can also cause extensive, non-specific, progressive 257 
digestion of RNA when used at higher concentrations (Endo et al. 1988; Wool 258 
1996; Wool 1997), including homopolynucleotides (Kao et al. 2001). The loss of 259 
specificity of these assays is compensated by the possibility of obtaining useful 260 
information about catalysis per se, independently of the degree of specific 261 
binding of the protein analyzed. Thus, although they are less specific, these 262 
assays have contributed significantly to the detailed study of the cleavage 263 
mechanism of ribotoxins (Álvarez-García et al. 2009b; García-Ortega et al. 264 
2002; Kao et al. 2001; Lacadena et al. 1995; Lacadena et al. 1999; Martínez-265 
Ruiz et al. 2001). 266 
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The three K111E, K112E, and K114E mutants, as well as the ΔSarHtA 267 
variant, were unable to achieve the ribotoxins specific ribonucleolytic cleavage 268 
of the ribosomal SRL when assayed in standard conditions against intact 269 
ribosomes in a cell-free reticulocyte lysate (Fig. 6A) even at high enzyme 270 
concentration (range assayed: 60-200 nM). The α-sarcin H82Q mutant retained 271 
about 80% of the wild-type protein ribonucleolytic activity (Fig. 6A). Nearly 272 
identical results were also obtained when using a 35-mer SRL-like 273 
oligoribonucleotide (Fig. 6B), a less specific substrate. Finally, the 274 
ribonucleolytic activity was tested using zymogram assays performed in 275 
polyacrylamide gels containing the non-specific substrate homopolynucleotide 276 
poly(A) (Fig. 6C). In this case, only the ΔSarHtA mutant did not show detectable 277 
activity, while the K111E, K112E and H82Q mutants were as active as the wild-278 
type. Interestingly, the α-sarcin K114E variant was still much less active (Fig. 279 
6C). These zymogram experiments were also employed to discard the 280 
presence of trace amounts of non-specific ribonucleolytic contaminants in the 281 
samples used. 282 
Overall, this ribonucleolytic characterization suggested that ΔSarHtA had 283 
lost completely its ability to behave as an RNase while the three Lys to Glu 284 
mutants were devoid of the distinctive and unique specificity of ribotoxins but 285 
still maintained non-specific activity against single stranded non-structured RNA 286 
stretches. α-Sarcin H82Q still showed a very similar ribonucleolytic behavior as 287 
the wild-type protein. 288 
Interaction with phospholipid vesicles 289 
All protein variants studied bound to DMPG vesicles showing very similar 290 
behavior and stoichiometry as the wild-type α-sarcin (Fig. 7A). Only K111E and 291 
K114E showed a slightly diminished binding affinity in terms of the amount of 292 
protein needed to reach saturation. In accordance with this observation, these 293 
two variants were also less effective in aggregating the vesicles (Fig. 7B), 294 
suggesting that conserved Lys 111 and Lys 114 residues participate not only in 295 
SRL recognition but also in the protein-lipid interactions needed to enter the 296 
ribotoxins cellular targets. α-Sarcin mutants H82Q and ΔSarHtA showed the 297 
opposite behavior, displaying enhanced aggregation ability. 298 
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It is well known that α-sarcin interacts with lipid vesicles containing an 299 
abundance of acid phospholipids. This interaction results in vesicle aggregation, 300 
intermixing of phospholipids from different vesicles, and leakage of the aqueous 301 
contents of its target vesicles. However, HtA does not promote vesicle 302 
aggregation, but still perturbed the permeability barrier of the phospholipid 303 
bilayers as shown in leakage experiments (Herrero-Galán et al. 2008). 304 
Quantitatively, HtA had in fact a higher membrane-permeabilizing ability than α-305 
sarcin (Herrero-Galán et al. 2008). Therefore leakage induced by the present α-306 
sarcin mutants was also studied. As can be observed in Fig. 7C, ΔSarHtA and 307 
K111E mutants showed leakage activity almost indistinguishable from that 308 
displayed by the wild-type protein, while the other two lysine mutants, K112E 309 
and K114E, were less active. The most striking result was however obtained for 310 
α-sarcin H82Q. This mutant produced massive release of the phospholipid 311 
vesicle aqueous contents at much smaller concentrations than the other 312 
proteins, wild-type α-sarcin or HtA (Herrero-Galán et al. 2008) included. This 313 
result suggests that the substitution of His 82 by a Gln residue produces a local 314 
conformational change which most probably exposes lipid interacting residues 315 
which remain buried in the wild-type protein. 316 
Toxicity against cultured insect cells 317 
It has been recently shown the dramatic effect of wild-type α-sarcin on 318 
the inhibition of in vivo S. frugiperda cells protein biosynthesis (Olombrada et 319 
al., 2013). Therefore, this insect cellular line was chosen to evaluate the toxic 320 
effect of the mutants studied when employed against intact cells. As can be 321 
seen in Fig. 8, with the only exception of α-sarcin H82Q, all the other mutants 322 
were virtually devoid of toxic activity when evaluated in terms of the IC50 values 323 
needed to inhibit protein biosynthesis. Interestingly, and in good agreement with 324 
all the other results showed above, the H82Q mutant showed a toxic behavior 325 
which was indistinguishable from that shown by the wild-type ribotoxin. 326 
Discussion 327 
Structural characterization 328 
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The spectroscopic characterization of the different α-sarcin protein 329 
variants showed that only very minor structural modifications were introduced 330 
upon replacing Lys 111, Lys 112, or Lys 114 by a glutamic acid residue. Only 331 
K114E showed clear changes in the near-UV CD spectrum related to some 332 
aromatic amino acid (Fig. 3), suggesting that switching one positive charge by a 333 
negative one may influence the microenvironment of some aromatic residue 334 
located in the vicinity of Lys 114 side-chain. In fact, in the wild-type protein 335 
structure of α-sarcin the phenol moieties of Tyr 48 and Tyr 106 are within 336 
hydrogen bonding distances of the ε amino group of Lys 114 (Fig. 9). The other 337 
two mutated Lys residues are oriented towards the solvent (Figs. 1 and 9). 338 
Accordingly, the stability of K111E and K112E remained unaltered in terms of 339 
their Tm values (Table S2), while it decreased for K114E. Altogether, and taking 340 
into account that α-sarcin fluorescence emission spectrum is dominated by Trp 341 
4 (De Antonio et al., 2000), this geometrical arrangement would also explain 342 
why the fluorescence emission of the three Lys to Glu variants remained 343 
practically unaffected. 344 
The other single residue mutant variant, H82Q, showed unique 345 
spectroscopic features. Both far- and near-UV spectra changed substantially 346 
(Figs. 2 and 4) and a dramatic Trp emission enhancement was observed (Fig. 5 347 
and Table S2). The CD changes can be easily explained considering that it has 348 
been well documented how Trp 51 is not only responsible for most of the optical 349 
anisotropy of α-sarcin in the near-UV region but also that it displays a significant 350 
contribution in the far-UV (De Antonio et al. 2000). This observation was 351 
explained by the cation-π interaction established between the Trp51 side-chain 352 
and the ring of His 82 (De Antonio et al. 2000), an interaction which would be 353 
absent in the H82Q mutant. Accordingly, the far-UV CD spectrum of this variant 354 
(Fig. 2) is practically indistinguishable from that one reported before for the 355 
W51F mutant (De Antonio et al., 2000). Regarding the fluorescence emission 356 
results of α-sarcin H82Q (Fig. 5), the positively charged His 82 imidazol ring 357 
promotes strong quenching on the indole side-chain of Trp 51, the emission of 358 
the wild-type protein arising from Trp-4 (De Antonio et al., 2000). Therefore, a 359 
large increase in the fluorescence emission of Trp-51 must be observed upon 360 
disappearance of the H82-Trp-51 interaction in the H82Q mutant variant, and 361 
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would also explain why this H82Q mutant shows the lowest Tm value of all the 362 
proteins herein studied (Table S2). 363 
A dramatic structural change was introduced in the ΔSarHtA mutant 364 
since the α-sarcin loop 2 stretch (PPKHSKDGNGKTDHY) was replaced by the 365 
sequence ADAI at the equivalent region in HtA. Nevertheless, the mutant 366 
protein is still folded, as the CD study revealed, and it seemed to retain most of 367 
the folding of the wild-type protein. The existence of a well-defined two-state 368 
thermal transition of this protein variant, with a Tm value of only four degrees 369 
lower than the natural protein (Table S2), confirmed the adoption of a globular 370 
conformation. In addition, the calculated CD spectra WT minus ΔSarHtA 371 
resemble the Trp51 optical anisotropy contribution (De Antonio et al. 2000). In 372 
fact, the CD and fluorescence emission properties of the ΔSarHtA protein 373 
variant, where His-82 is absent, are also strongly similar to those of H82Q. 374 
Ribonucleolytic activity 375 
Only the H82Q mutant retained the unique and highly specific ribonucleolytic 376 
activity against ribosomes which is the distinctive feature of fungal ribotoxins 377 
(Fig. 6A). This is in good accordance with the previously observed minor 378 
changes in the enzymatic activity of W51F α-sarcin (De Antonio et al. 2000). On 379 
the contrary, the three lysine residues mutated have been suggested to be 380 
important for the specific recognition of the SRL (Dey et al. 2007; Glück and 381 
Wool 2002; Kao and Davies 1999; Kao and Davies 2000; Korennykh et al. 382 
2007; Korennykh et al. 2006; Pérez-Cañadillas et al. 2000; Plantinga et al. 383 
2008; Plantinga et al. 2011; Yang et al. 2001; Yang and Moffat 1996). It has 384 
been even described that these lysine residues would contribute to the 385 
formation of the enzyme:substrate complex (when assayed against a SRL-like 386 
oligo), thereby positioning it for site-specific cleavage (Plantinga et al. 2008). An 387 
observation which agrees with the fact that the Lys 114 residue has been 388 
reported to contact the bulged-G in a sequence specific manner (Glück and 389 
Wool 2002; Yang et al. 2001). Therefore, these results of enzymatic activity 390 
would confirm the already proposed key role for these Lys residues in SRL 391 
recognition. 392 
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However, the most striking result obtained refers to the ability of α-sarcin 393 
to cleave rather non-specific substrates such as poly(A). As can be seen in Fig. 394 
6C, replacing the solvent exposed Lys 111 and 112 residues does not affect the 395 
ability of this protein to cleave this homopolynucleotide in zymogram assays. 396 
This would also agree with the mentioned role of these residues in the specific 397 
recognition of the SRL rather than taking part in the catalysis. That is to say, 398 
they are key residues for specific binding, but not for catalysis. In fact, it has 399 
been described how replacing the mitogillin ribotoxin Lys 111 (the equivalent of 400 
α-sarcin Lys 112) by Gln produced a slightly more active mutant than the wild-401 
type protein when assayed against poly(I) (Kao and Davies 2000). On the other 402 
hand, α-sarcin K114E is almost devoid of ribonucleolytic activity, even against 403 
the non-specific substrate (Fig. 6C). Taking into account the spatial relationship 404 
established between the ε amino group of Lys 114 and the OH of Tyr 48 (Fig. 405 
8), and given that removal of that OH renders a completely inactive version of α-406 
sarcin (Álvarez-García et al. 2006), this interaction would explain why the 407 
K114E mutant is also unable to cleave poly(A) and shows how these two amino 408 
acids, Lys 114 and Tyr 48, must conform a network of interactions which is 409 
essential for the catalysis exerted by this protein. 410 
Finally, the ΔSarHtA mutant was fully inactive against the three type of 411 
substrates assayed, suggesting that the second segment of loop 2 affects the 412 
geometrical arrangement of the active site. 413 
Interaction with phospholipid vesicles. 414 
The SRL is a universally conserved ribosomal structure but cells are only 415 
killed if ribotoxins cross their membranes to gain access to the ribosomes. As 416 
no protein receptors have so far been reported for α-sarcin, its toxic specificity 417 
has been related to a differential interaction with the negatively charged 418 
phospholipids of the membranes (Gasset et al. 1989). Using light-scattering 419 
stopped-flow kinetics it was revealed that the initial step of the interaction of α-420 
sarcin with phospholipid vesicles is the formation of vesicle dimers maintained 421 
by protein-protein bridges (Mancheño et al. 1994). This initial aggregation is 422 
followed by a destabilizing effect of the protein which promotes vesicles fusion. 423 
As a final step, and most probably as a consequence of the formation of large 424 
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unstable lipidic structures, α-sarcin also modifies the permeability of the 425 
membranes, causing leakage of the vesicles contents (Gasset et al. 1990). 426 
According to the accepted hypothesis to explain the innate ability of α-427 
sarcin to translocate across a phospholipid membrane (Oñaderra et al. 1993), 428 
the protein would be initially adsorbed to the charged polar head groups of the 429 
phospholipids and then would penetrate the interface of the bilayer, establishing 430 
a hydrophobically driven interaction with the lipid hydrocarbon chains (Gasset et 431 
al. 1991a; Gasset et al. 1991b). Within this idea, the region comprising a 432 
hydrophobic stretch of 24 amino acids (residues 116–139) would be responsible 433 
for this hydrophobic component of the interaction (Mancheño et al. 1995; 434 
Mancheño et al. 1998).This sequence is contiguous to the mutated lysine 435 
residues of loop 3(Fig. 1B) and contains His 137, one of the catalytically 436 
essential residues of α-sarcin (Lacadena et al. 1995; Lacadena et al. 1999). 437 
Finally, using two different Trp mutants, it was also shown that neither Trp4 nor 438 
Trp51 were required for the interaction of α-sarcin with lipid membranes (De 439 
Antonio et al. 2000). However, this interaction promoted a large increase in the 440 
quantum yield of Trp51, the residue interacting with the indole side-chain of His 441 
82.These results indicated that the region around Trp 51, the first β-strand of 442 
the β-sheet, is also located near the hydrophobic core of the bilayer following 443 
interaction with the vesicles. 444 
The results presented now reveal no major differences when binding was 445 
studied by ultracentrifugation. This approach primarily accounts for the tightly 446 
bound protein fraction, most probably that one driven by the hydrophobic 447 
component. Consequently, these results could be expected given that the 116-448 
139 sequence has not been modified in any of the mutants herein studied. If we 449 
focus on the vesicle aggregation experiments (Fig. 7B), three different types of 450 
behavior can be observed. K112E mutant behaves indistinguishable from the 451 
wild-type α-sarcin. On the contrary, K111E and K114E show a diminished 452 
aggregation ability suggesting that these two Lys residues participate in the 453 
electrostatic interactions needed to bring the vesicles into close contact, as had 454 
been suggested before (Kao and Davies 1999; Martínez-del-Pozo et al. 1988; 455 
Pérez-Cañadillas et al. 2000; Yang and Moffat 1996). This proposal would also 456 
agree with the results shown in Fig. 6C, where the mutants showing less 457 
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leakage capacity also involve residues of this Lys-rich region. The other two 458 
mutants (H82Q and ΔSarHtA) slightly favored aggregation. Relaxing the protein 459 
structure by the absence of the mentioned cation-π interaction involving His-82 460 
would result in exposure of hydrophobic areas promoting an improved 461 
membrane destabilizing activity of the polypeptide, easing the interaction with 462 
the membrane hydrophobic inner leaflets and the lysis of the vesicles. 463 
Toxicity against intact cells 464 
The unique and highly specific ribonucleolytic activity of ribotoxins is their 465 
trademark feature which explains their extreme toxicity once inside a cell (Endo 466 
et al., 1983; Lacadena et al., 2007; Olombrada et al., 2014b). Therefore, and 467 
given that only the H82Q mutant retained this highly specific ribonucleolytic 468 
activity against ribosomes (Fig. 6A), it is quite straightforward to explain why this 469 
mutant was also the only one retaining the α-sarcin ability to inhibit protein 470 
biosynthesis when assayed against intact cells (Fig. 8). 471 
Conclusions 472 
The role of α-sarcin’s loop 2 in the toxic activity of this protein has been 473 
only poorly studied so far. On the other hand, the Lys-rich cluster of loop 3 is 474 
well acknowledged as a key element in the specific recognition of the SRL. The 475 
results presented now confirm these observations for loop 3 Lys111, Lys112, 476 
and Lys114 residues. In addition, they also show the existence of a previously 477 
undetected network of interactions involving Lys114 and Tyr48 residues which 478 
seems to be essential for the catalysis exerted by α-sarcin. Finally, the Lys 479 
mutants studied now involve a change from positive to negative charge which 480 
impairs the interaction with the lipid vesicles. Therefore, this charge reversal 481 
reveals that this Lys-rich region of loop 3 is involved in the electrostatic 482 
phospholipid interactions needed by ribotoxins to cross cell membranes. 483 
Regarding loop 2, it is also shown now how this loop seems to be responsible 484 
for the conformational change that exposes the region establishing the 485 
hydrophobic interactions with the membrane inner leaflets, easing penetration 486 
of ribotoxins into their target cells. 487 
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Figures legends 713 
Figure 1. (A) Diagrams showing the three-dimensional structure of α-sarcin 714 
(PDB ID: 1DE3) and HtA (PDB ID: 2KAA). Side chains of the four residues 715 
mutated in α-sarcin are shown in gray, as well as the equivalent ones equivalent 716 
in HtA, according to the sequence alignment shown in (B). α-Sarcin loop 2 717 
backbone stretch deleted is also shown in gray. (B) Alignment of α-sarcin and 718 
HtA amino acid sequences. Residues mutated in α-sarcin are marked with an 719 
asterisk. Both the deleted residues in α-sarcin SarHtA, as well as the 720 
introduced amino acids corresponding to the equivalent HtA stretch, appear 721 
underlined. Color codes: Blue for the NH2-terminal β-hairpin and the β-strands; 722 
red for the α-helix; yellow for loop 1; green for loop 2; light blue for loop 3, 723 
magenta for loop 4; orange for loop 5. The diagrams were generated with 724 
PyMol software (DeLano 2008). 725 
Figure 2. Far-UV circular dichroism spectra. (Circles) Wild-type α-sarcin, 726 
(triangles up) H82Q variant, and (triangles down) ΔSarHtA. Black lines, 727 
calculated difference spectra wild-type minus mutant, either H82Q or ΔSarHtA. 728 
Spectra of K111E, K112E, and K114E are not shown because they were 729 
indistinguishable from that obtained for the wild-type protein. Mean residue 730 
weight ellipticity (θMRW) is expressed in units of degree x cm
2 x dmol-1. 731 
Figure 3. Near-UV circular dichroism spectra. (Circles) Wild-type, (triangles up) 732 
K111E, (triangles down) K112E and (squares) K114E mutant variants of α-733 
sarcin. Mean residue weight ellipticity (θMRW) is expressed in units of degree x 734 
cm2 x dmol-1. 735 
Figure 4. Near-UV circular dichroism spectra. (Circles) Wild-type α-sarcin, 736 
H82Q variant (triangles up) and ΔSarHtA (triangles down). Black lines, 737 
calculated difference spectra wild-type minus mutant, either H82Q or ΔSarHtA. 738 
Mean residue weight ellipticity (θMRW) is expressed in units of degree x cm
2 x 739 
dmol-1. 740 
Figure 5. Fluorescence emission spectra of wild-type α-sarcin and the ΔSarHtA 741 
and H82Q mutants. All spectra were recorded at identical protein 742 
concentrations. Spectra labeled ‘1’ resulted from excitation at 275 nm and 743 
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spectra labeled ‘2’ from excitation at 295 nm. These spectra were normalized at 744 
wavelengths above 380 nm to obtain spectra ‘3’ (tryptophan contribution). 745 
Spectra ‘4’ (tyrosine contribution) were calculated by subtracting spectra ‘3’ 746 
from spectra ‘1’. Fluorescence emission units were arbitrary, and referred to the 747 
maximum value of wild-type α-sarcin upon excitation at 275 nm. 748 
Figure 6. Ribonucleolytic characterization of wild-type α-sarcin and the mutant 749 
proteins studied. (A) Ribosome cleaving activity assay performed using a rabbit 750 
cell-free reticulocytes lysate. A control in the absence of enzyme is also shown 751 
(c). The highly specific ribonucleolytic activity of the ribotoxins is shown by the 752 
release of the 400-nt α-fragment (α) from the 28S rRNA of eukaryotic 753 
ribosomes. Positions of bands corresponding to 28S and 18S rRNA are also 754 
indicated. (B) Activity assay on a 35-mer oligonucleotide mimicking the SRL. A 755 
control in the absence of enzyme is also shown (c). The 21-mer and 14-mer 756 
oligonucleotides resulting from the specific cleavage of a single phosphodiester 757 
bond are indicated. The intact 35-mer oligo is also shown. (C) Zymogram assay 758 
corresponding to the non-specific ribonuclease activity of the proteins. The 759 
poly(A)-degrading activity of the proteins produces a colorless region. 760 
Figure 7. (A) Binding of wild-type α-sarcin and the different mutants studied to 761 
DMPG vesicles. Protein bound to the vesicles (expressed as percentage) was 762 
calculated as the difference total protein minus protein remaining in the 763 
supernatant after ultracentrifugation, 100% value being the total amount of 764 
protein present. (B) DMPG vesicle aggregation induced by wild-type α-sarcin 765 
and the different mutants. Aggregation of vesicles was measured as the 766 
increase of absorbance at 360 nm, 100 seconds after the addition of the protein 767 
to a vesicle sample (ΔA360 nm versus protein/lipid molar ratio). (C) Leakage of 768 
intravesicular aqueous contents (relative leakage considering that produced by 769 
detergent as 100%) versus protein/lipid molar ratio. Graph symbols correspond 770 
to wild-type (black dots), H82Q (white dots), K111E (black squares), K112E 771 
(white squares), K114E (black triangles), and ΔSarHtA (white triangles). 772 
Figure 8. Protein biosynthesis inhibition in Sf9 insect cells cultured in the 773 
presence of different concentrations of wild type α-sarcin (black dots), H82Q 774 
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(white squares), K111E (black triangles down), K112E (white triangles up), 775 
K114E (black squares), and ΔSarHtA (white dots). 776 
Figure 9. Diagram showing the spatial distribution of Tyr 48 and 106 (yellow) 777 
and Lys 111, 112 (blue) and 114 (red) in wild-type α-sarcin (PDB ID: 1DE3). 778 
Diagram was generated using the PyMol software (DeLano 2008). 779 
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